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Abstract: Anisotropic friction generated by microstructured surfaces is crucial for performing functions such as
directional locomotion and adhesion in biological systems. Hence, an epoxy-based shape memory polymer
(SMP) incorporating Fe3O4 nanoparticles is used in this study to create a smart surface with oriented structures
to mimic anisotropic friction and exploit human-developed controllable locomotion systems. Applying the
specific properties of the epoxy-based SMP, fast switching friction can be achieved by adjusting the topography
and stiffness of the microstructures on the surface. In addition, the photothermogenesis effect of Fe3O4
nanoparticles induces changes in the asymmetric topography and stiffness on the SMP surface under the
irradiation of near-infrared (NIR) light, thereby inducing a rapid switching of the friction force. Furthermore,
a microbot is created to demonstrate remotely controlled locomotion, such as unidirectional and round-trip
movements, and braking by switching the friction force under NIR light. These results are promising for the
design of new intelligent surfaces and interfaces; additionally, they may facilitate the investigation of biological
structures and processes.
Keywords: friction; smart surface; shape memory polymer (SMP); remote control

1

Introduction

Anisotropic friction is ubiquitous in nature, and
asymmetric forces must generate to achieve adhesion,
locomotion, and transportation [1–5]. Examples of
anisotropic friction include the highly ordered fibers
of the snake skin [1], which exhibit a pronounced
anisotropic friction force to propel its locomotion, i.e.,
high friction for propulsion and low friction for sliding.
Complicated physical phenomena and processes may
be involved in natural anisotropic friction systems;
however, in many cases, a typical phenomenon
encountered in nature is anisotropic microstructures
on surfaces that are oriented at a certain angle to
the supporting layer. It has been discovered that the
anisotropic friction force generated from asymmetric

microstructures primarily depends on two dominant
factors: the surface topography and the stiffness of
the biological surface [6]. As one of the most effective
topographies for generating anisotropic friction force,
hook-like spines are ubiquitous in various plants and
animals, such as wheat awn, Galium aparine, fruit
of Xanthium L, filefish skin. [7–9]. In addition, the
stiffness of the biological surface, which has not
been investigated extensively previously, has recently
demonstrated its discrepant self-adaption and friction
force properties [9, 10].
Various artificial surfaces that imitate anisotropic
microstructures have been employed for smart actuation,
soft robots, surface engineering, and medical devices
[11–18]. However, most surfaces inspired by single
natural microstructures demonstrate constant stiffness
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and isotropic or anisotropic friction behaviors. Therefore,
new strategies are required for the development of
smart materials to achieve reversible transitions between
isotropic and anisotropic friction forces. Although
frictional anisotropy allows the fabrication of smart
devices for applications ranging from directional driving
to cargo transportation, challenges remain, such as the
speed of real-time control, low-efficiency locomotion,
and single-directional movement, which affect the
performance and potential applications of smart
devices.
Previously, the studies focused on achieving an
anisotropic friction force and locomotion by controlling
the stiffness and orientation of biomimetic surfaces
[7–9]. However, shape change is a passive process
under an external force, and the switched angle of an
oriented structure is limited. Inspired by the typical
asymmetric microstructure of a hook-like spine, which
is one of the most typical and effective features
of natural systems, a smart surface was built via
three-dimensional (3D) printing and replicating using
an epoxy-based shape memory polymer (SMP)
incorporating Fe3O4 nanoparticles (Fe3O4 NPs) to
mimic the locomotion behavior of biological systems
induced by adjustable anisotropic friction. SMPs
have been widely reported to be a smart material for
dynamically controlling surface microstructures owing
to its shape memory performance, particularly in
the field of surface wetting [19–21], whereas the
application of SMPs in the field of asymmetric surface
microstructures for investigating friction has rarely
been reported. Furthermore, epoxy-based SMPs show
a softening effect once placed in a high-temperature
atmosphere, and this softening effect results in the
disappearance of the anisotropic friction behavior of
the biomimetic surface, as previously reported in Ref. [6].
Therefore, by exploiting the photothermogenesis
of Fe3O4 NPs and the shape memory property of
SMPs, a surface with a switchable friction force was
fabricated by synergistically changing the orientation
and stiffness using near-infrared (NIR) light as a trigger.
Moreover, the paradigm of a microbot prototype
was implemented to perform directionality, fast and
controllable locomotion, and round-trip movements
stimulated by NIR light. The concepts of dynamic
friction control and biomimetic smart surfaces will
provide a general yet effective construction concept
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for the development of new actuators, sensors, and
robots.

2
2.1

Experimental
Materials

Diglycidyl ether of bisphenol A-type epoxy resin
(E51) was purchased from Baling Petroleum &
Chemical Corporation, China. The curing agents,
m-xylenediamine (MXDA) and n-octylamine (OA),
were purchased from Energy Chemical, Shanghai,
China. Polydimethylsiloxane (PDMS-Sylgard 184),
which was used as a template, and 1H,1H,2H,2Hperfluorooctyltriethoxysilane, which was used as a
fluoride molecule, were obtained from J&K Chemical
Ltd., China. Fe3O4 NPs were synthesized based on
previously reported procedures [22, 23]. The contacting
pair of the PDMS hemisphere was prepared by curing
the precursor with a curing agent at a ratio of 10:1 by
weight in a 96-well confocal plate.
2.2 Design and preparation of 3D printed
biomimetic surfaces
A solid 3D model of a biomimetic surface with a
bottom diameter (d) of ~480 μm, height (h) of ~880 μm,
radius (r) of ~1,000 μm, and distance (s) of ~750 μm
between the spines was designed using SolidWorks
based on a morphology inspired by natural systems
(Fig. 1(a)). Subsequently, the designed surface with
a sample size of 20 mm × 20 mm was built using a
digital light processing (DLP) 3D printer (CR-6 from
Chuangxiang 3D Ltd., Shenzhen, China) by photopolymerizing an acrylate-based liquid resin in a
layer-by-layer sequence. Once completed, the 3D
printed samples were washed in ethanol, followed by
post-curing with ultraviolet light.
2.3

Fabrication of SMP@Fe3O4 surfaces

A simple template method was employed to fabricate
SMP@Fe3O4 surfaces. To separate the template from
the sample, every negative template was first modified
with 1H,1H,2H,2H-perfluorooctyltriethoxysilane in
a decompressed environment at room temperature
for 24 h and then heated at 80 °C for 3 h. The PDMS
precursor was mixed with a curing agent at a weight
www.Springer.com/journal/40544 | Friction
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Fig. 1 (a) Characteristics of spines on biomimetic surface; (b, c) digital and scanning electron microscopy (SEM images of fabricated
surface with anisotropic spines, respectively (scale bar = 200 µm); (d) as-prepared (upper) and permanent orientation of asymmetric
spines; switched (lower) and temporary orientation of spines; (e) preparation process for as-prepared and switched surfaces and their
mutual conversion; (f) reversible variation of spines through repeated pressing and recovery at 100 °C, with the process repeated five
times using a sample measuring 20 mm × 5 mm (the values are expressed as mean ± standard deviation).

ratio of 10:1 and placed in a centrifuge to remove air
bubbles (3,000 rpm, 5 min); subsequently, it was poured
onto the 3D printed modified surface. As shown in
Fig. S1 in the Electronic Supplementary Material
(ESM), after precursor heating at 70 °C for 4 h, the
PDMS negative template was peeled off slowly along
the orientation of the hook-like spines to preserve the
microstructures. Finally, an SMP mixture comprising
E51, MXDA, and OA at a molar ratio of 4:1:2, and Fe3O4
NPs of 0.5–3.0 wt% were added to the fluorinated
PDMS negative template and then cured at 60 °C for
4 h. After peeling off the cured epoxy-based composite
from the PDMS template, a surface with oriented
structures was obtained (referred to herein as the
“as-prepared surface”). In addition, to obtain a surface
with switched spines, the as-prepared surface was
first heated at 100 °C for approximately 8 min, after
which it was pressed using a pre-cleaned glass slide
under a specified pressure (~0.098 N, Fig. S2 in the
ESM). Subsequently, the surface was cooled to room
temperature under the same pressure, after which
switched microstructures were formed (resulting in a
“switched surface”) [19, 20]. To recover the switched
surface, it was reheated at 100 °C for approximately
30 s in an oven, during which the switched microstructures resumed to their initial state.

2.4

Friction tests

In the experiment performed in the present study,
friction measurements were conducted on a 14-FW
static-dynamic tribometer (HEIDON Co., Ltd., Japan)
with sphere-to-flat contact and in the single sliding
direction mode to record the friction force (Figs. S3(a)
and S3(b) in the ESM). The samples tested (measuring
20 mm (length) × 5 mm (width) × 1.5 mm (thickness))
were fixed tightly onto a testing platform, and an
elastic PDMS hemisphere (with a diameter of 6 mm
and an elastic modulus of 1.8 MPa) was employed as
the contacting pair with a sliding distance of 20 mm
and a sliding velocity of 20 mm·min−1. To investigate
the dynamic friction control, an NIR laser light spot
(with a diameter of 5 mm and a wavelength of 808 nm,
produced by Lasever Inc. of China and with Dpssl
Driver II power) was moved over the surface at
1.0 mm/s during the friction measurements. The friction
forces of the tribopair sliding along and against the
topographic orientation of the microstructures were
defined as the positive and negative friction forces,
respectively (Fig. S4 in the ESM) [8]. The quantitative
characterization of the frictional anisotropy was
determined by the friction force difference, which is
the absolute value of the difference between the friction
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forces in the negative and positive sliding directions
[8]. Notably, for the friction tests without NIR irradiation,
friction measurements were performed five times for
each specimen. When the friction measurements were
performed under NIR light, each specimen could only
be measured once, and this procedure was repeated
five times using different specimens. This is because
the surface morphology after measurement changed
because of the synergistic effect of the normal load
in the sliding process and the softening effect under
NIR light irradiation.
2.5

Demonstration of vibration-assisted smart
driving

An ultrasonic cleaner (KQ-5200, Kunshan Ultrasonic
Instruments Co., Ltd., China) with an ultrasonic
frequency of 40 kHz and an ultrasonic power of 200 W
was used as the vibrating platform. A biomimetic
microbot with shape memory microstructures was
placed on a vibrator with oriented spine structures
facing down. During braking, a pair of tweezers was
used to decelerate and halt the motion of the microbot
because the single softening effect stimulated by the
NIR light could not stop the device immediately in a
short time. In the return process, only NIR light was
used to switch the orientation of the spine structure
and trigger the microbot to drive in the opposite
direction. In contrast to the partial exposure of the
surface to NIR light during the friction measurement,
the entire sample was irradiated during the vibrationassisted driving process. This is because the former
process was performed to investigate the friction
control results from the spine switching, whereas the
latter process was performed to obtain a higher speed
and an easier control of the entire sample.
2.6 Characterization
The surface morphologies were characterized using
the scanning electron microscope (SEM, JSM-5600LV,
Japan) at 20 kV and an optical microscope (Olympus
BX51, Japan). The glass transition temperature and
storage modulus were evaluated via dynamic
mechanical analysis (DMA 242E from Netzsch GmbH,
Germany) at a heating rate of 3 K·min−1. The mechanical
properties of the samples were evaluated using an
electrical universal material testing machine (EZ-Test,
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Shimadzu, Japan). Statistical product and service
solutions (SPSS 20.0, International Business Machines
Corporation, USA) with Fisher’s F-test were used for
the statistical analyses of different friction forces, and
the statistical significance was defined as **P < 0.01.

3

Results and discussion

3.1 Design and fabrication of biomimetic shape
memory surface with anisotropic microstructures
In nature, various geometries of surface topography
exist for different functions. In anisotropic friction,
mechanical interlocking, and locomotion behaviors,
the asymmetric geometry of a hook-like spine is one
of the most typical features owing to its typical and
effective properties that induce frictional anisotropy
[7–9, 24–26]. Therefore, the hook-like spine morphology is observed in wheat awn, fruit of Xanthium L,
hind leg of cricket, and skin of filefish (as shown in
Figs. S5(a)–S5(d) in the ESM, respectively); it exhibits
the coincident orientation of microstructures, which
enables the production of anisotropic friction. Hence,
a surface coated with highly ordered hook-like
spines was designed and used in this study to mimic
controllable locomotion behaviors based on the
adjustable anisotropic friction induced by the switching
of the spine orientation and surface stiffness (Figs. 1(a)
and S5(e) in the ESM). A surface with hook-like spines
was built using a DLP-based 3D printing technique.
The digital image in Fig. 1(b) shows that the printed
surface was covered with hook-like spines exhibiting
the same orientation and morphology. The SEM image
in Fig. 1(c) shows the printed features at the connection
between the spines and the substrate. An epoxybased SMP with an apparent thermal reversible phase
transition ability was used to duplicate the biomimetic
surface. Such a surface possesses excellent shape
memory ability and allows the memorization of the
different orientations of the microstructures [19, 20],
thereby resulting in various frictional performances.
The biomimetic surface with a permanent shape
(with an incline angle to the horizontal substrate
of 63.5° (±3.1°), see the upper image in Fig. 1(d)) was
heated to 100 °C, which afforded high mobility in the
molecular chain, and the modulus of the polymer
decreased immediately, thereby causing a change in
www.Springer.com/journal/40544 | Friction
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the thermodynamically stable state of the molecular
chains [27]. An external pressure created using a glass
slide was applied to the spines until an opposite
orientation was achieved. Subsequent cooling under an
external force below the glass transition temperature
(Tg) caused the spines to remain in the opposite
orientation (with an incline angle to the horizontal
substrate of 124.0° (±7.42°), see the lower image in
Fig. 1(d)), thereby forming a “switched surface”. After
further heating at ~100 °C for approximately 30 s in
a free state, the switched spines were restored to
their original configuration, and their initial state was
preserved (Fig. 1(e)). Exploiting the shape memory
ability, such a morphological transition of spines between

the as-prepared and switched states can be achieved
by changing the temperature. Furthermore, this
epoxy-based SMP surface exhibits fatigue durability
owing to its 3D crosslinking networks [19]. As depicted
in Fig. 1(f), the orientation of the spines can be
switched reversibly for at least five cycles without
any deterioration, after which irreversible damage
will occur between the spines and the substrate if the
bending process is continued (Fig. S6 in the ESM).
3.2

Friction measurement under different conditions

The anisotropic friction force of a biomimetic surface
under different conditions was investigated. As shown
in Fig. 2(a), when the normal load was increased

Fig. 2 (a) Friction force of as-prepared and switched surfaces in positive sliding direction (above horizontal line) and negative sliding
direction (below horizontal line) with a normal load from 0.1 to 0.9 N; (b) typical friction signals of as-prepared and switched surfaces in
positive and negative sliding directions at room temperature with 0.5 N load; (c) friction force in positive (gray) and negative (red) sliding
directions at 80 °C; (d) comparison of friction forces in negative sliding direction for 25 and 80 °C; (e, f) typical friction signals for
surface in positive and negative sliding directions, respectively, with 0.5 N load at 80 °C. All friction measurements shown in Figs. 2(a),
2(c), and 2(d) were repeated five times, and the friction force values are expressed as mean ± standard deviation (n = 5; **p < 0.01).
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from 0.1 to 0.9 N, the friction force of the negative
sliding direction was always greater than that of the
positive sliding direction for both the as-prepared and
switched surfaces. For example, for the as-prepared
surface, the friction force difference (i.e., the difference
between the friction forces in the positive and negative
sliding directions) was 0.1 N (±0.03 N) at a normal
load of 0.1 N, whereas it increased to 1.51 N (±0.08 N)
at a normal load of 0.9 N, indicating that the surface
with oriented structures exhibited outstanding loaddependent frictional anisotropy. In addition, the
as-prepared and switched surfaces exhibited almost
identical friction force values in both the positive and
negative sliding directions, suggesting that the spines
covering the switched surface possessed an almost
identical topography to that of the spines covering
the as-prepared surface. The typical friction signals
shown in Fig. 2(b) further support this conjecture.
For the same sliding direction, the curves possessed
not only similar friction force values, but also
analogous force fluctuations that originated from the
discontinuous spines. Briefly, both the as-prepared
surface and switched surfaces exhibited a uniform
topography and evident frictional anisotropy.
Moreover, an SMP is a type of material that enables
switching between a glassy state and a rubbery state
via temperature change, and the elastic modulus
decreases by two to three orders of magnitude once
the thermal environment reaches the phase transition
temperature [28]. Our previous study revealed that
the friction force is dependent on the rigidity of the
substrate used to support the microstructures of the
surface [9]. Therefore, dynamic friction control of the
biomimetic SMP surface can be readily achieved by
changing the temperature and switching the orientation.
Prior to the present study, the friction switching
behavior of the SMP surface and its friction force in a
rubbery state at 80 °C (higher than the glass transition
temperature Tg, see Fig. S7 in the ESM) were used for
comparison. Evidently, when the normal load was
increased from 0.1 to 0.9 N, the friction force increased
from 0.12 N (±0.006 N) to 0.53 N (±0.03 N) in the
positive direction, and from 0.09 N (±0.005 N) to 0.56 N
(±0.03 N) in the negative direction, which is consistent
with the friction properties at room temperature

1185

Fig. 3 (a) Temperature change with NIR irradiation time of SMP
containing different Fe3O4 NPs; measurements were repeated five
times using a sample measuring 20 mm (length) × 5 mm (width) ×
2 mm (thickness); (b) storage modulus and loss factor (tanδ)
curves of SMP@Fe3O4 composite as a function of temperature;
(c) changes in friction signals with NIR irradiation at the beginning
of sliding (upper panel) and in the middle of sliding (lower panel)
(with 0.5 N load in the negative sliding direction).

(~25 °C). However, compared with the friction properties at room temperature, with a normal load of
0.9 N at 80 °C, for example, the friction force in the
positive direction only increased slightly, whereas that
in the negative direction decreased substantially from
1.74 N (±0.08 N) to 0.56 N (±0.03 N) (Fig. 2(d)). This
phenomenon will result in the friction force exhibiting
similar values in both the positive and negative sliding
directions, i.e., the frictional anisotropy of the mollescent
SMP surface will disappear (Fig. 2(c)). This might be
because the flexible spines had larger contact areas
during positive sliding, resulting in a greater friction
force; meanwhile, during negative sliding, the flexible
spines deformed easily owing to the sliding of the
tribopair, thereby resulting in a lower friction force. The
typical friction signals shown in Figs. 2(e) and 2(f)
support this conjecture. The relatively smooth friction
signals obtained in the negative sliding direction was
a distinct phenomenon, even though force fluctuation

www.Springer.com/journal/40544 | Friction
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occurred. Based on statistical analysis, it can be concluded that the friction force was sensitive (p < 0.05)
to the temperature in the negative sliding direction
(Fig. 2(d)), insensitive (p > 0.05) to the morphology between the as-prepared and switched surfaces (Fig. 2(a)),
and insensitive to the sliding directions when the
temperature increased to 80 °C or higher (Fig. 2(c)).
3.3

Friction switching behavior of biomimetic
surface induced by rigidity and orientation

The incorporation of Fe3O4 NPs can endow the SMP
surface with an excellent NIR photothermogenesis
effect [29, 30] for regulating the in situ interface
temperature, thereby enabling a fast switching of
friction force. First, the temperature increase traces
of the as-prepared surface with different Fe3O4 NP
contents vs. the irradiation time were investigated,
as shown in Fig. 3(a). Under a continuous NIR
laser irradiation, the temperature of the SMP sheet
incorporating Fe3O4 NPs (the SMP@Fe3O4 sheet)
exhibited a considerable increase within seconds,
whereas no significant increase was observed in the
pure SMP sheet. In addition, a greater doping amount
of Fe3O4 NPs resulted in a faster temperature increase.
Specifically, when the SMP@Fe3O4 sheet had a doping
amount of 3.0 wt%, the surface temperature reached
~83 °C with NIR laser irradiation lasting only 5 s,
indicating a vigorous photothermal performance.
Furthermore, the Tg of the SMP@Fe3O4 sheet was
evidenced by the tanδ peak temperature, ~61 °C
(Fig. 3(b)) [19], illustrating that the SMP sheet and
the SMP@Fe3O4 sheet had similar thermal systems
(Fig. S8 in the ESM).
As expected, the SMP@Fe3O4 surface was heated
rapidly under NIR laser irradiation and hence acquired
a lower friction force owing to the mollescent effect
[9]. To validate this, the friction behavior of the
SMP@Fe3O4 surface covered with hook-like spines
was investigated by switching the NIR laser on and
off, as shown in Fig. 3(c). Based on the case with
the negative sliding direction as an example, the
SMP@Fe3O4 surface exhibited a lower friction force
(~0.26 N) under NIR laser irradiation, and an abrupt
increase occurred once the NIR light was turned off
(~0.73 N) (see the upper panel of Fig. 3(c)). The friction
signals showed a relatively smooth line under NIR

irradiation, similar to the signals for sliding in the
positive direction, whereas a typical fluctuation
appeared once the irradiation was turned off, which
is consistent with the dynamic control at different temperatures (room temperature or 80 °C). Interestingly,
with its ability in providing rapid photothermogenesisinduced flexibility, the SMP@Fe3O4 surface enables
the creation of a “real-time” and “free-area” friction
switch. Figure 3(c) (see the lower panel) shows that
when the tribopair passed over the spines in the
negative direction, the friction force decreased abruptly
from ~0.63 to ~0.2 N once the NIR laser was turned on,
and then increased to ~0.58 N once the NIR laser was
turned off. This phenomenon further demonstrates
that the frictional anisotropy and friction behavior
can be regulated with a “real-time” and “free-area”
approach through a simple yet efficient NIR photothermogenesis strategy.
The temperature increase induced by NIR laser
irradiation changed both the rigidity of the SMP@Fe3O4
surface and the orientation of its spines (Fig. S3(c),
S9, and Video S1 in the ESM). Consequently, the
switched surface with bent hook-like spines (switched
by ~180°) can obtain a tunable friction force by
changing the orientation of the SMP@Fe3O4 spines.
For comparison, a switched surface with as-prepared
spines on the first half and bent spines on the second
half was measured at room temperature, as shown in
Fig. 4 (see the upper panel). When the tribopair slid
from a positive to a negative area, the friction force
increased abruptly (from ~0.25 to ~0.61 N) because the
flexible PDMS ball was penetrated by the hard and
peaked spines during negative sliding. Subsequently,
NIR laser irradiation was employed to alter the
friction force of the switched surface with bent spines,
and the results for the friction behavior are shown in
Fig. 4 (see the lower panel). The friction signals as a
function of time exhibited a typical smooth line
until 60 s; however, a high friction force occurred
once the NIR light was turned on, causing the bent
spines to resume to their initial morphology, with the
sliding direction changing from positive to negative.
Unexpectedly, the increase in the velocity of the
friction force was relatively slow compared with those
of previous cases, even though the orientation of
the spines switched completely. This can be attributed

| https://mc03.manuscriptcentral.com/friction
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Fig. 4 Changes in friction signals without NIR irradiation (upper)
and with NIR irradiation (lower) in negative sliding direction
with 0.5 N load.

to the mollescent effect of the SMP and the effect of
switching the spine orientation and decreasing the
modulus of the SMP@Fe3O4 surface during the NIR
irradiation. In other words, the switched spines
stored the energy produced by the NIR light, thereby
resulting in the initial sliding (see the dashed blue
circle in Fig. 4) on a flexible surface. By contrast, when
the SMP@Fe3O4 surface resumed to room temperature,
the friction force increased to a normal value
(~0.59 N). In contrast to the friction force of the
as-prepared surface induced by a single element of
rigidity, the friction force of the switched surface was
affected by both the rigidity and the spine orientation,
and the synergistic effect was primarily reflected in
the negative sliding direction as many influencing
factors were present, such as the contact area in the
positive sliding direction.
3.4

Bio-inspiration for directional driving, controllable braking, and free returning

Directional driving, based on frictional anisotropy,
is widespread in many systems [1, 7, 9, 14]. The
SMP@Fe3O4 surface created in the present study was
inspired by such systems and possessed special shape
memory ability, through which it can imitate anisotropic
microstructures. This surface can potentially be used
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for controllable locomotion, including directional
driving, controllable braking, and free return. Although
a significant number of such functional surfaces have
been used for directional actuation [9], transporting
cargoes [7], and crossing a steep obstacle [13], most of
them have demonstrated only one-way driving and
are barely capable of braking or returning freely
and/or continuously. In the present study, exploiting
the excellent photothermal conversion and shape
memory abilities of a bio-inspired smart surface, a
biomimetic microbot prototype was developed and
used for directional driving, controllable braking, and
free return. In a demonstration, a microbot with an
as-prepared SMP@Fe3O4 surface achieved directional
driving at a speed of ~25 mm/s under vibration, in a
direction opposite to that of the spines. Nevertheless,
it only achieved unidirectional movement, and a
U-turn can only be performed manually (Fig. 5(a)
and Video S2 in the ESM). By contrast, a microbot
with a switched surface is more functional and can
achieve controllable braking and free return owing to
its photothermogenesis and shape memory abilities.
Specifically, as shown in Fig. 5(b), the as-prepared
microbot was able to stop traveling when subjected
to NIR laser irradiation for approximately 6 s;
additionally, it assumed a state where the frictional
anisotropy had almost disappeared because the surface
had become flexible under NIR irradiation. However,
once the NIR light was turned off and the thermal
energy dissipated, the microbot began to move again,
achieving controllable braking under remote control
and in real time (Video S3 in the ESM). Moreover,
with the switched surface of SMP@Fe3O4, the microbot
easily achieved a round trip, as shown in Fig. 5(c).
Under vibrations, the microbot arrived at the destination
within 4 s at an ultrafast speed and was then stopped
at the boundary of the rail. Meanwhile, the following
~7 s of NIR irradiation resulted in the spines resuming
to their initial orientation and the microbot turning
in the opposite direction directly and moving at a
relatively lower speed of 10 mm/s (Video S4 in the
ESM). The lower speed is attributable to the incomplete
recovery of the surface rigidity owing to the short
cooling time at the ambient temperature, which might
have caused the surface to be in a state of dissipated
energy. Compared with the nimble devices available
www.Springer.com/journal/40544 | Friction
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Fig. 5 Images showing locomotive functions of biomimetic device on vibrated platform: (a) directional locomotion; (b) controllable
braking; and (c) free returning.

on the market and traditional directional driving
systems [7, 9, 31, 32], this microstructured SMP@Fe3O4
device exhibits unique merits, including remote control,
braking, and returning with the aid of tweezers.
Therefore, we believe that these advantages will enable
the further development of controllable directional
driving.

4

Conclusions

In this study, a smart biomimetic surface was created
to mimic anisotropic friction and directional motion.
A shape memory polymer containing Fe3O4 NPs was
employed to achieve dynamic friction control and
directional driving under NIR irradiation. The friction
force can be switched from 0.26 N (±0.01 N) to 0.73 N
(±0.04 N) and from 0.25 N (±0.01 N) to 0.59 N (±0.03 N)
via NIR light-induced changes in the rigidity and
orientation, respectively. Moreover, this moving device
with shape memory ability not only exhibited superior
directionality and fast locomotion speed (with an
average value of ~25 mm/s), but also accomplished
round-trip movement and braking functions under
remote control. These features render the shapememory smart surface highly favorable and broaden
its functionality and applications for directional driving,
cargo transportation, and areas involving anisotropic
friction forces.
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